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ABSTRACT

This thesis reports two novel technologies that use material surface functionalizations for
improved water purification: Moringa oleifera-coated sand (f-sand) filters and nanofiltration
membranes with metal-organic interfaces. Moringa oleifera seeds contain an antimicrobial,
cationic protein that can adhere to sand. This cationic f-sand strongly adsorbs waterborne
pathogens and is particularly advantageous for use in developing global regions. Tests on
miniature f-sand columns reported here attained over 5 log-removal of pathogens and lasted in
effectiveness at least 10 times longer than regular sand filters. In order to be scaled up to practical
sizes, three different clean-bed filtration models were applied to model the f-sand filter based on
biocolloid transport through the filter. Two additional strategies (two-step deposition and codeposition) were also designed that use mussel-inspired polydopamine (PDA) to strongly
immobilize copper nanoparticles (CuNPs) onto a porous polymeric membrane for chemical
wastewater treatment. To confirm the optimization of membrane surface properties, a series of
materials characterizations (e.g., water contact angle) was executed. The enhanced surface charge,
hydrophilicity, and pore size promoted an outstanding salt permeation (82% Na2SO4, 98% NaCl),
water permeability (18.2 LMH bar-1), and textile dye rejection (600-800 Da, >99.0% rejection),
respectively. Furthermore, the functionalized membranes displayed a distinct bactericidal activity
with a reduction of 93.7% in the number of live Escherichia coli (E. coli) bacteria. The
nanofiltration membrane studies highlight fast, facile surface modification strategies to assemble
multifunctional coatings onto membranes for chemical wastewater treatment.

KEYWORDS: Moringa oleifera, water purification, global water crisis, nanofiltration
membranes, metal-organic frameworks, surface functionalization
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Chapter 1
Introduction

1.1. Preface
The information presented in this thesis consists of two major original research projects I
worked on during my undergraduate career. The first – Moringa oleifera-functionalized sand (fsand) filters – includes research I conducted at Penn State. I will discuss my two most significant
contributions to this research: testing the pathogen removal capabilities of the filter and modeling
pathogen transport through the filter.
The second project embedded in this report discusses research on nanofiltration membranes
that I completed during a semester abroad in Belgium. This work took place at De Katholieke
Universiteit Leuven (KU Leuven) as part of the EuroScholars Research Abroad Program. I was
fortunate enough to have my work there lead to three co-authored journal publications – one in
Journal of Materials Chemistry A (where I was second author) and two in ACS Applied Materials
& Interfaces (where I was third and fourth author). Due to the constraints of this thesis – and to
prevent overlapping with the future Ph.D. thesis of the graduate student I worked closest with at
KU Leuven – I will limit my discussions regarding my nanofiltration work to only include the
project I most significantly contributed to: polydopamine/copper nanoparticle-functionalized
membranes published in Journal of Materials Chemistry A.
My discussions concerning my Journal of Materials Chemistry A publication1 will focus
on the areas of research I particularly led or co-led in the study. These areas involve synthesizing
the polydopamine and copper nanoparticles, modifying the membranes, testing salt permeation
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and dye rejection performances, measuring water permeability, drawing schematics, analyzing
atomic force microscopy data, measuring water contact angles on the membrane surfaces,
conducting antimicrobial activity tests, and writing and editing the manuscript. However, in this
thesis I will mention but not elaborate on areas of the research I assisted rather than undertaking a
lead role in. These experiments entail scanning electron microscopy imaging, zeta potential
measurements, and energy-dispersive X-ray spectroscopy mapping. These experiments are
nonetheless imperative to understanding the mechanisms governing the separation performances
by the membranes and can be further explored in our paper: Journal of Materials Chemistry A,
4(34), 13211-13222.
Research relating to my ACS Applied Materials & Interfaces publications can instead be
found using the following publication information: ACS Applied Materials & Interfaces, 8(38),
25508–255192 and ACS Applied Materials & Interfaces, 9(2), 1975-1986.3 The former of these
two publications (Zeolitic Imidazolate Framework/Graphene Oxide Hybrid Nanosheets
Functionalized Thin Film Nanocomposite Membrane for Enhanced Antimicrobial Performance)
explores the novel functionalization of antimicrobial metal-organic frameworks and graphene
oxide nanosheets on nanofiltration membrane surfaces for water desalination. As the fourth author
of this report, my contributions mainly concerned writing and editing the manuscript as well as
helping to create the figures and tables. The latter paper (Elevated Performance of Thin Film
Nanocomposite Membranes Enabled by Modified Hydrophilic MOFs for Nanofiltration) reports
a new nanofiltration method for chemical wastewater treatment in which we used interfacial
polymerization to functionalize membrane surfaces with hydrophilicly modified metal-organic
frameworks. As the third author of this paper, I co-led the synthesis of the nanomaterials, the
functionalization of the membranes, the testing of chemical separations, the measurement of water
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contact angles, the scanning electron microscopy imaging of the membrane surfaces, and some of
the writing and editing of the manuscript.
Though the nature of my engineering field dictates this thesis to predominantly discuss
technical areas of my research, the issue of global water treatment is indisputably a social and
political one as well. At the conclusion of this thesis, I will briefly discuss my personal reflections
on the future trajectories of the water treatment field and in what niches the f-sand filter and
nanofiltration membranes can most benefit society.

1.2. Moringa oleifera Seeds for Feasible Water Purification
Roughly 1.1 billion people globally cannot access improved water supplies,4 accounting
for roughly 3.4 million deaths every year due to waterborne diseases.5 A simple, feasible water
purifying method for developing communities can be provided using Moringa oleifera trees. Seeds
from the Moringa oleifera tree contain a cationic antimicrobial protein (MOCP) that flocculate
waterborne dirt and pathogens to purify water. A non-invasive and drought-resistant plant,
Moringa oleifera seeds are particularly advantageous for developing communities as they can
easily grow in most of Africa, Asia, and Latin America, where developing villages are most
commonly found.6 Coined the “Miracle Tree,” Moringa oleifera trees additionally possess a vast
assortment of other nutritional and household benefits, making the use of Moringa oleifera a
sustainable practice.
Moringa oleifera seeds are currently being used to purify water in numerous villages
around the world using a bulk test. In this method, seeds are crushed into a powder directly mixed
into contaminated water, flocculating the dirt and pathogens to leave behind purified supernatant

4

water.6 However, the crushed seeds in the bulk test add organic matter to the water. This organic
matter creates unpleasant fouling odors and provides food for pathogens to regrow over time,
preventing potable water storage. Moreover, the bulk test has only shown to reduce bacterial
concentrations by 1-2 log-removal,6 which consistently falls short of the filtration guidelines of 4
log-removal of pathogens set by the United States Environmental Protection Agency (EPA).7 To
address the limitations of the bulk test and provide a feasible and effective water purifier, sand has
been coated with MOCP to create a MOCP-functionalized sand (f-sand) filter.8
In solution, MOCP, which constitutes approximately 1% of the content of the seed,
effectively kills microbes by disrupting their cell walls through fusion.9 When MOCP is adsorbed
to the sand, the membrane of lab-grown Escherichia coli (E. coli) has been found to be
compromised by the MOCP.8 The bulk test treatment faces transport limitations since MOCP is
simply stirred into contaminated water in hopes that the MOCP will contact pathogens, limiting
the effectiveness of this method. On the other hand, pathogens remain in close contact with f-sand
as contaminated water passes through the porous media. Hence, f-sand filters experience much
more probable interactions between the MOCP and waterborne pathogens, improving the potential
of f-sand filters to remove and inactivate pathogens from water.
Point-of-use water purification technology has recently been considered to be perhaps the
most sustainable method to purify water in developing communities due to its accessibility and
technological simplicity for maintenance and use.10 Point-of-use technology involves smaller
devices used directly in individual households to purify and store water rather than using larger,
more complex shared municipal systems used to treat water for entire regions. While various pointof-use devices are available (e.g., ceramic filters and chlorination tablets), one of the greatest
challenges preventing their widespread use is the lack of scientifically sound evidence confirming
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their purification capabilities.10 Thus, the waterborne pathogen removal capabilities by the f-sand
filter must be further investigated – both experimentally and through modeling – in order to
determine if f-sand filters can serve as a viable point-of-use water purification technology.
The goal of this project is two-pronged. First, laboratory-scale filters were tested with
varied contaminated water conditions to investigate the effectiveness of f-sand compared to the
bulk test and unmodified sand filters. Second, potential models for the scale-up of an f-sand filter
were studied and analyzed using experimental pathogen removal data.

1.3. Nanofiltration Membranes for Chemical Wastewater Treatment
Nanofiltration (NF) has been applied as one of the most viable water treatment solutions
to the current global water crisis. In textile wastewater treatment, NF technology is increasingly
becoming applied in a new paradigm shift to separate, recycle, and reuse dye/salt mixtures as
resources rather than remove them completely as waste.11-14 Commercially available NF
membranes generally consist of a thin compact polyamide layer constructed on a microporous
support and have a relatively high retention of divalent salts (Na2SO4: >90%).15 Such dense
membranes are committed to water desalination and consequently fail in sufficient separation of
dye/salt mixtures. Moreover, low salt permeation through membranes can pose a high osmotic
pressure, which further compromises their water permeability and inevitably impedes potential NF
applications.16
Conversely, loose NF membranes, which are properly tuned to possess a loose separating
layer and controlled surface charges, feature a high water flux and superior dye retention
accompanied by enhanced salt permeation.17-19 Loose NF membranes have recently emerged as an
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effective remedy for fractionating dye/salt mixtures.20-21 Currently, loose NF membranes have
been constructed by blending a flexible polymer with functional nanoparticles, including graphene
oxide,12 montmorillonite,18 SiO2,22 layered double hydroxides,23 and halloysite nanotubes,24
followed by a phase inversion process. Such a technique substantially boosts the water flux, salt
permeation, and antifouling properties of the membranes. These improved abilities are presumably
attributed to the introduced combination of high hydrophilicity, loose structure, and controllable
charge of the membrane surface. Nonetheless, this strategy partially sacrifices dye rejection due to
the relatively poor compatibility between hard inorganic nanoparticles and the soft polymeric
matrix.25 Furthermore, nanocomposites embedded inside the membrane matrix are also not directly
exposed to the solution being treated, minimizing the functionality effects of the nanocomposites.26
Surface modification of polymeric membranes is deemed a simple and effective strategy.
Surface modification enables tunable and controllable surface properties that enhance
permeability, selectivity, and antifouling ability when being implemented for water treatment. The
most

extensively

employed

surface

functionalization

methods

involve

interfacial

polymerization,27-30 coating,31 surface grafting,32 covalent immobilization,33 layer-bylayer
assembly,34 crosslinking,34 etc. Unfortunately, these methods frequently involve tedious,
complicated, and lengthy steps that can also indirectly harm the environment. Notably, the
formation of a compact active layer using the aforementioned strategies is unsuitable for dye/salt
separation.
Mussel-inspired polydopamine (PDA) has been explored as an alternative surface
modification approach by numerous studies since 2007.35 PDA possesses inherently strong
adhesive properties to a vast variety of substrates due to the presence of multifunctional groups
(e.g., amine, catechol, and imine).36-37 Therefore, PDA can act as a sturdy bioinspired glue to firmly
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immobilize favorable nanomaterials onto membrane surfaces without damage. Membranes
modified with PDA have shown vast advances in hydrophilicity, permeability, and antifouling
performance.38-40 Ag,41 TiO2,42-44 SiO2,45 and ZrO246 inorganic nanoparticles have been
successfully loaded onto membrane surfaces using the self-polymerization and deposition of
dopamine. With these surface functionalization capabilities, PDA has stimulated extensive interest
in the design of water treatment membranes, such as microfiltration (MF),47 ultrafiltration (UF),48
NF,49-50 reverse osmosis (RO),51 and forward osmosis (FO)52 membranes. However, its selfpolymerization and deposition onto membrane surfaces is a time-consuming process and
simultaneously leads to inevitable aggregation.53 Despite the existence of such difficulties, Zhang
et al. reported the first procedure to achieve the rapid deposition of PDA onto various substrates
by utilizing CuSO4/H2O2 as a trigger.54 CuSO4/H2O2 generates a multitude of reactive oxygen
species in an alkaline medium to significantly expedite the deposition rate of PDA coatings with
high uniformity and stability, greatly expanding the potential of PDA in practical applications.
Membrane biofouling is another major obstacle to filtration processes. It sharply increases
energy consumption and reduces filtration productivity. Biofouling originates from the adsorption
of biofilms initiated by rapid bacterial reproduction and proliferation. Bacteria from the adsorbed
biofilm can re-disperse into the aqueous environment, polluting the treated solution. Biofilms are
typically embedded in a naturally formed matrix of extracellular polymeric substances, which
contain polysaccharides, proteins, glycoproteins, lipoproteins, and other bio-macromolecules.55
The extracellular polymeric substances can provide protection to the biofilm against biocides,
making the killing of microorganisms more difficult. Therefore, the most effective route toward
long-term resistance against biofouling is to inhibit the initial cell adhesion and growth onto
membrane surfaces. Anchoring antimicrobial polymers or nanoparticles onto membrane surfaces
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allows these nanomaterials to maintain maximum contact with natural organic matter, proteins,
and bacteria to reduce their adherence and growth.56-58
One of the most studied antimicrobial nanomaterials consists of silver-based
nanocomposites due to their thermal stability and broad antibacterial spectrum.59-60 However,
silver-based biocides carry large financial costs, raising concerns about sustainable designs of
antimicrobial membranes. A growing research focus has shifted toward the use of copper-based
nanoparticles as biocides instead to strengthen the surface resistance to biofouling.61-62 While the
antimicrobial properties of copper have been widely established throughout literature, copper is
also rather cheap (< 1% of the price of silver) and abundant.63 Ben-Sasson et al. reported a simple
technique to load positively charged CuNPs modified by polyethylenimine (PEI) onto the surface
of a thin-film composite polyamide RO membrane via electrostatic interaction.64 This surface
functionalization led to a remarkable gain of bacterial inactivation by the membrane. Their group
also recently reported in situ growth of CuNPs onto membrane surfaces as an alternative surface
functionalization method against biofouling.65 Likewise, Xu et al. developed a simple assembly of
a polycation-copper(II) complex onto a polyacrylonitrile (PAN) substrate followed by crosslinking
to prepare a CuNP-functionalized antibacterial NF membrane.66 These membranes also
demonstrated a high rejection of bivalent salts, which is disadvantageous for the separation of
dye/salt mixtures.
In this study, two simple methods are devised and compared that assemble a
multifunctional CuNP layer onto a porous polymeric support by applying the fast deposition of
PDA. One of these techniques refers to a conventional two-step deposition by the aid of a strongly
adhesive PDA intermediate layer followed by CuNP loading. The second strategy focuses on the
simultaneous co-deposition of PDA and CuNPs. These two strategies are compared and studied in
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view of surface morphology, solute selectivity, and solution permeability. The antimicrobial
activity of the co-deposition membranes is further investigated using E. coli as model bacteria.
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Chapter 2
Experimental: Moringa oleifera-Functionalized Sand (F-Sand) Filter

2.1. Making F-Sand Filters
Making f-sand. Figure 1 presents a schematic of the f-sand column as well as a picture of
an actual column used in experiments. Unshelled seeds from Chiang Mai, Thailand, were obtained
and ground to a fine powder using a coffee grinder. To produce 5 g of f-sand, 50 mL of deionized
water was added to 0.5 g of the seed powder and subsequently spun at 24 rpm on a rotator (Mini
Lab Rotator, Labnet International) for one hour to make a 10 mg/L activated MOCP serum.

Figure 1. (A) Schematic of the f-sand filter. Moringa oleifera cationic protein (MOCP) electrostatically
adheres onto sand to create antimicrobial, adsorptive functionalized sand (f-sand). (B) Actual laboratorysize column used in filter experiments.
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The spun MOCP serum was then filtered through 11 µm pore size filter paper and then
collected using a syringe with a 0.2 µm filter tip. 5 g of 250 µm diameter (50-70 mesh) white
quartz silica sand, 212-300 µm diameter (50-70 sieve) unwashed glass beads, or ≤106 µm diameter
(~140 sieve) unwashed glass beads from Sigma Aldrich® were rinsed with deionized water and
shaken for 30 seconds. This rinse and shake cleaning was repeated seven more times. The collected
MOCP serum was transferred to the sand, and this sand and MOCP serum mixture was spun at 24
rpm on the rotator for one hour. After spinning, the supernatant was poured off of the newly created
f-sand, which was further rinsed well with deionized water and shaken for 30 seconds. This rinse
and shake cleaning was repeated seven times. Silica sand was originally used in preliminary tests
measuring the pathogen removal capabilities of the f-sand filter, while the glass beads were used
in later tests to provide more accurate filter media diameters for modeling purposes. Experiments
are currently being conducted within the research group to significantly decrease the time of
making f-sand for more practical protocols.
Filter columns. The f-sand was then slurry packed into the plastic column to create the fsand filter. The control, uncoated sand columns were identical to the f-sand columns except in that
they were packed with regular, uncoated silica or glass beads, which were similarly first rinsed
and shaken 8 times with deionized water before packing. The model filter columns used were
plastic Econo-Column® chromatography columns 5 cm or 10 cm long and 1 cm in diameter.
Filters tested with silica sand (f-sand or control sand) consisted of 10 cm columns packed with ~10
g of silica sand, creating a 7.5 cm filter height. Column heights were varied when using the glass
beads as filter media for transport model verification purposes. More specifically, the 5 cm
chromatography columns were packed to form column heights of either 1 cm or 3 cm using the
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unwashed glass beads. 7.5 cm column heights were created with the unwashed glass beads using
the 10 cm chromatography columns.

2.2. Column Testing Protocol
Filter testing set-up. A simple process flow diagram depicting the column testing set-up
is illustrated in Figure 2. In every experimental trial, 2 f-sand filters and 1 control sand filter were
tested with the same influent solution. A constant, fixed volumetric flow of the influent solution
was continuously added to the top of the filter columns at approximately 0.5-0.7 mL/minute. The
treated effluent was collected in microtubes or conical tubes after flowing out of the bottom of the
columns. Tests using silica sand media were run until 225 pore volumes of solution were run
through the f-sand columns, and samples were collected after every 15 pore volumes. Experiments
using glass beads for the filter media were run for 10 pore volumes with 3 groups of samples taken:
2-4, 5-7, and 8-10 pore volumes. Removal data for each trial was reported as the average removal
data of these 3 groups of samples. Peristaltic pumps (Fisher Scientific Mini-Variable Flow®)
created the constant flow through the filter columns. Platinum-cured silicone tubing (Tygon®
3350, 1/16” ID, 1/8” OD) was attached to the pumps and connected the influent solution to the top
stopcock of the filter columns and the bottom stopcock of the columns to the treated effluent
collection tubes. A step-by-step protocol with further testing details is located in Appendix A.
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Figure 2. Process flow diagram of the filter testing set-up. The control column corresponds with uncoated
filter media. The pre-rinse salt solution (2 or 10 mM NaCl) was run through the columns for 10-15 pore
volumes before testing to establish the ionic conditions within the columns.

Influent solutions. Two different salt concentrations were used in the influent solution to
test for variability sensitivities of the f-sand removal capabilities and of the model accuracies.
These concentrations were 2 mM and 10 mM NaCl. As depicted in Figure 3, model microspheres
were used as pathogen surrogates in the column tests due to their similar size and anionic surface
charges to real pathogens. 2.9 µm diameter sulfate latex beads (Life Technologies) were used as
surrogate pathogens in the silica sand filter tests. 0.97 µm diameter yellow-green fluorescent
FluoSpheres® sulfate microspheres (Life Technologies, 505 nm/515 nm) were used as surrogate
pathogens in the glass bead column tests. These smaller microsphere sizes were chosen to increase
the relative weight of adsorptive properties on pathogen removal compared to straining removal
mechanisms, as particles ≥3 µm can typically be blocked by the pores of sand media. The
microsphere solutions were sonicated for 25 minutes at ambient temperature before preparing the
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influent solutions. The concentration of microspheres in the influent solution was 106-107
particles/mL for each filter test. The salt and microsphere concentrations were chosen to mimic
worst case scenario concentrations found in wastewater. For example, 103-107 coliforms per mL
are typically found in untreated wastewater, while only 10-1-102 coliforms per mL represent typical
raw water concentrations.67 Influent solutions were continuously stirred at 500 rpm throughout all
testing. Tests were also run on empty filter columns to account for removal effects by the plastic
filter column housing. Measured removal by the column housing was subtracted from the obtained
data before being reported here.

Figure 3. (A) Sulfate latex microspheres (2.9 µm diameter) were used in this study as surrogate
waterborne pathogens due to their similar size, shape, and surface charge to real waterborne pathogens
such as (B) Cryptosporidium68 (4 µm diameter) and (C) Giardia69 (10-14 µm diameter) parasites. 0.97 µm
diameter yellow-green fluorescent sulfate microspheres were also used as surrogate pathogens in this
study.

Effluent analyses. Collected effluent solutions were sonicated for 25 minutes at ambient
temperature before enumerated via cytometry. The 2.9 μm microsphere concentrations in the silica
sand column tests were determined using hemocytometry. The fluorescent 1 μm microsphere
concentrations were determined via flow cytometry (Amnis FlowSight) at the Penn State Huck
Institutes of the Life Sciences Microscopy and Cytometry Facility in University Park, PA. Flow
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cytometry tests were run until either 10,000 particles were detected or until solution flowed
through the cytometry apparatus for 6 minutes at medium flow (whichever took longer). Detailed
flow cytometry testing and analysis protocols can be found in Appendix B. Reported data
represents the average of at least 3 repeated trials, and reported error bars represent the 95%
confidence interval of the data.
Pore volumes. To test the lifetime of the f-sand filter, the silica sand column tests were run
until nearly 250 pore volumes of influent solution were run through the column. Effluent samples
were collected every ~15 pore volumes. Control column testing was stopped after five filter
breakthrough samples were obtained. Equation 1 provides a calculation for pore volumes:

𝑃𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒𝑠 =

𝑄𝑡
𝜃𝜋𝑟 2 ℎ

𝑬𝒒𝒏. 𝟏

where Q is the solution flow rate through the column, t is the amount of time in which solution has
flowed through the column, θ is the porosity of the sand column, r is the radius of the column, and
h is the height of the sand column inside the plastic filter.
Porosity and grain size. Constant porosity and grain diameter values are needed for
modeling purposes. To determine the porosity of the silica sand, a 10 mL graduated cylinder was
filled silica sand until the sand reached the 5 mL tick mark on the cylinder. Water was then slowly
added to the sand until reaching the 5 mL tick mark and completely filling the sand voids. The
weight gain caused by adding the water to the sand was measured, and the volume of water
corresponding to this gained mass was calculated. Porosity was finally determined by dividing the
volume of water by 5 mL. Reported values represent the average of 4 trials. The porosity of the
glass beads was determined using the same procedure, and the average of 8 trials was reported.
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The particle size distribution of the ≤106 µm glass beads was determined using a Malvern
Mastersizer 3000 at the Huck Institutes for the Life Sciences in University Park, PA. The median
particle diameter (d50) was selected to represent the average glass bead diameter in the models.
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Chapter 3
Results and Discussion: F-Sand Pathogen Removal

3.1. Removal of 2.9 μm Microspheres by Silica Sand Media
Figure 4 demonstrates the log-removal of 2.9 µm microspheres attained over time by the
f-sand silica columns compared to uncoated control sand columns. Figure 5 presents a qualitative
comparison of this pathogen removal capability: hemocytometry slide pictures of f-sand-treated
water versus control sand-treated water. Other trials run at the described experimental conditions
can be found and discussed in Appendix C.
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Figure 4. Log-removal of 2.9 µm sulfate microspheres by 250 µm silica sand expressed by (A) mL of
water treated by and (B) pore volumes of solution run through the mini columns. The influent
concentration was set at 10 mM NaCl and 1x107 microspheres per mL. 7.5 cm column heights were
applied. EPA requirements of 4 log-removal of waterborne pathogens are also indicated on the graphs.

A

10 µm

B

10 µm

Figure 5. A qualitative analysis of surrogate pathogen removal by (A) f-sand versus (B) uncoated control
sand. Pictures were taken at the same location on the hemocytometry slide for the effluent sample
collected just after 100 pore volumes of solution were run through the column.

As Figure 4 shows, the f-sand filters consistently achieved 4 to 6.5 log-removal throughout
the entire testing of the removal of 1x107 microspheres per mL, surpassing EPA requirements. The
f-sand filters additionally did not arrive near breakthrough – the point in which the filter is no
longer effective – throughout the entire testing. Conversely, like Moringa oleifera bulk test
treatment tests in literature,6 the uncoated control sand filters initially attained only 2 log-removal.
These control filters then immediately reached breakthrough around 20 pore volumes. These
results suggest that the f-sand filters last in effectiveness at least 10 times longer than unmodified
sand filters do, as the filtration tests were run until 225 pore volumes of the solution were treated
by the f-sand.
Figure 5 further supports the hypothesis that f-sand filters work significantly better than
ordinary sand filters. The pictures of the treated effluent samples in Figure 5 were taken under the
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hemocytometer after the same amounts (~100 pore volumes) of solution were run through the
column and at the same location on the hemocytometer. Figure 5A, a microsphere-free picture of
the f-sand-treated solution – starkly contrasts the numerous microspheres present on the
hemocytometry slide in Figure 5B, a picture of the control sand-treated sample.

3.2. Removal of 0.97 μm Microspheres
After the silica sand tests demonstrated the high potential of f-sand in the removal of model
pathogens, filter media was switched to glass beads in order to more accurately model the average
diameter of the f-sand. Silica sand possesses geometric irregularities rather than ideal spherical
shapes, whereas the glass beads are highly spherical. Sand grain shape irregularities have been
reported to significantly contribute to the physical straining of waterborne pathogens in sand
filters.70 Actual f-sand filters would consist of sand grain media due to the inexpensive cost and
high availability of sand. Nonetheless, the glass beads were additionally chosen in these further
tests to represent the worst case removal scenario due to the loss of straining caused by grain shape
irregularities. Model microspheres with 0.97 µm diameters were also used as previously discussed
in Chapter 2.2.
Figure 6 features the achieved initial log-removal of the 0.97 µm microspheres by the glass
bead f-sand and control glass beads. These filters possessed 7.5 cm heights. F-sand attained an
average log-removal of 2.73, whereas the control filters were much less effective and achieved an
average log-removal of only 0.34. These results further suggest the high effectiveness of f-sand
filters compared to ordinary sand filters. The failure of the f-sand to surpass EPA log-removal
requirements should also be noted. However, simple scaling models further discussed in Chapter
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4 indicate that pathogen removal increases as filter dimensions increase. Thus, larger, more
practical filter sizes should theoretically attain pathogen removal exceeding EPA requirements.

Figure 6. Log-removal of 0.97 µm sulfate microspheres by ≤106 µm glass beads with 7.5 cm column
heights. The influent concentration was set at 10 mM NaCl and 1x106 microspheres per mL.

Figure 7 summarizes 0.97 µm microsphere removal after varying the glass bead size (from
≤106 µm to 212-300 µm), salt concentrations (2 or 10 mM NaCl), and filter heights (1 and 3 cm).
F-sand filters more than doubled the log-removal achieved by the sand filters in each of these tests.
These results once again demonstrate the improved effectiveness of f-sand filters over ordinary
sand filters in a variety of testing conditions. As previously posited, the columns also attained
higher log-removal as filter lengths increased in size. In practical uses of the f-sand filter, the filters
should first be appropriately scaled to sizes in which EPA log-removal requirements can be
surpassed.
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Figure 7. Log-removal of 0.97 µm sulfate microspheres by 212-300 µm glass beads. The influent
concentration was set at 2 or 10 mM NaCl and 1x106 microspheres per mL. Column heights were varied
between 1 cm and 3 cm to investigate the effect of filter length on model pathogen removal.

Both the control and f-sand columns attained roughly two times higher log-removal when
the higher solution ionic strength conditions (10 mM NaCl as opposed to 2 mM NaCl) were
present. This increased removal is likely due to the greater electric double layer present at higher
ionic strengths, as described by the Derjaguin, Landau, Verwey, Overbeek (DLVO) theory. 71
However, the cationic MOCP has shown to reverse the anionic surface charge of silica. 72
Therefore, the presence of a greater electric double layer should decrease – not increase – the
removal of the anionic microspheres by the cationic f-sand, since the electric double layer basically
blocks the electrostatic attractive effects between the f-sand and microspheres. On the other hand,
and as results corroborated, a greater electric double layer should increase the removal of the
anionic microspheres by the anionic glass beads since electrostatic repulsive effects are
weakened.73 To determine an appropriate scaling model for f-sand filters that also most accurately
addresses the issue of the electric double layer effects, experimental data was also compared to
filtration transport models.
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Tests with the 0.97 µm microspheres using only the filter housing (i.e., without any glass
or silica media) were additionally conducted to account for any potential removal effects by the
filter housing itself. The average removal by the column housing was found to be roughly 0.05
log-removal. This value was subtracted from the reported log-removal values by the control and
f-sand columns.
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Chapter 4
Modeling F-Sand Filters

4.1. Filtration Models
The modeling work on the f-sand columns focused on two main issues: comparing
established filtration models to f-sand data and creating a new model to better fit the f-sand filter.
The four most widely accepted74 clean bed filtration models today – the Rajagopalan and Tien
(RT) model;75 the Tufenkji and Elimelech (TE) model;76 the Ma, Pedel, Fife, and Johnson (MPFJ)
model;77 and the Long and Hilpert (LH) model78 – were each compared to experimental data.
However, log-removal predictions by the LH model were an order of magnitude off of predictions
by the other three models as well as actual experimental data. As a result, modeling work involving
the LH model will not be further discussed.
As filter media typically possesses an anionic surface charge, accessible clean bed filtration
models have not yet accounted for electrostatic attractive forces. The objective of creating a new
model on particle transport through f-sand media is to include these attractive forces between the
cationic f-sand and anionic pathogens and thus more accurately describe this transport. Detailed
explanations, derivations, and data fits regarding the creation of such a model can be found in the
Schreyer Honors Undergraduate Thesis of Kathleen Lauser.79 To prevent redundancy and the
overlapping of theses, details about a new model creation will not be discussed further.
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Comparing models based on f-sand “stickiness”. The models allow prediction of the
concentration (C) of particles (e.g., microspheres) leaving a packed bed of collectors (silica or
glass beads with radii ac) according to:
3
𝑥
𝐶 = 𝐶0 exp (− (1 − 𝜃)𝛼𝜂
)
2
2 𝑎𝑐

𝑬𝒒𝒏. 𝟐

where x is the length of the filter bed, Co is the influent particle concentration, and θ is the porosity
of the porous medium. Log-removal can likewise be predicted:

𝐿𝑜𝑔 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = 𝐿𝑜𝑔 (

𝐶0
)
𝐶

𝑬𝒒𝒏. 𝟑

In this model, α is the biocolloid collision efficiency, defined as the ratio of particles that stick to
the collector to the particles that contact the collector. This term can be thought as the “stickiness”
of the sand. For the f-sand system, α should be 1 because of the strong electrostatic attractive forces
between the collector and the pathogen particles. In other words, every microsphere that contacts
the f-sand should theoretically stick to the f-sand. Using experimental log-removal data, the three
models (RT, TE, MPFJ) were compared using calculated α values. The model with the calculated
α value closest to 1 corresponds with the most accurate model. Experimental α values were
calculated for each trial using the η calculation unique to each model. The biocolloid transport
efficiency, η, is defined as the ratio of particles that contact the collector grains to the particles
approaching the collector grains.
Key terms and values used in η calculations. For convenience, Table 1 outlines the key
variables and constants used throughout the modeling work. Table 2 provides equations for
calculating variables included directly in the η calculations for the three models studied.
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Constants
Variable

Definition

Units

g

Acceleration due to gravity

9.81 m s-2

kB

Boltzmann constant

1.38x10-23 kg m2 s-2 K-1

Physical parameters
T

Temperature

K

µ

Dynamic viscosity

kg s-1 m-1

dp

Microsphere diameter

m

dc

Average collector grain diameter

m

Q

Flow rate

m3 s-1

D

Column diameter

m

ρf

Water fluid density

kg m3

ρp

Microsphere density

kg m3

θ

Porosity

-

L

Column height

m

A

Hamaker constant (for van der Waals interactions)

J

Clean bed filtration variables
bH

Happel cell constant

-

γ

Porosity function

-

Pe

Peclet number

-

U

Darcy velocity

m s-1

Lo

London number

-

R*

Interception number

-

S*

Gravitation number

-

VW

van der Waals number

-

A*

Attraction number

-

Table 1. Variables and constants relevant to calculating η in the three clean bed filtration (RT, TE, MPFJ)
transport models studied in this thesis.
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Variable
bH

Equation
𝑏𝐻 =

γ
Pe

𝛾 = (1 − 𝛳)1/3
𝑃𝑒 =

VW

A*

𝑄
𝐷
𝜋( 2 )2

7

4𝐴
9𝜋µ𝑑𝑝 2 𝑈

𝑅∗ =

R*

5
6

𝐿𝑜 =

Lo

4

(3𝜋µ𝑑𝑝 𝑈𝑑𝑐 )
𝑘𝐵 𝑇

𝑈 =

U

S*

2(1 − γ5 )
2 − 3γ + 3γ5 − 2γ6

Eqn. #

𝑑𝑝
𝑑𝑐

𝑔(𝜌𝑝 − 𝜌𝑓 )𝑑𝑝 2
𝑆 =
18µ𝑈
∗

𝑉𝑊 =
𝐴∗ =

𝐴
𝑘𝐵 𝑇
𝐴

3𝜋µ𝑑𝑝 2 𝑈

8

9

10

11

12

Table 2. Equations needed to calculate the clean bed filtration variables used to calculate η.
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Rajagopalan and Tien (RT) model. ηRT, the biocolloid transport efficiency term
determined by the RT model, is given in Equation 4:
𝜂𝑅𝑇 = 4.04𝑏𝐻 1/3 𝑃𝑒 −2/3 + 𝑏𝐻 𝐿𝑜0.125 𝑅 ∗1.875 + 0.00338𝑏𝐻 𝑅 ∗ −0.4 𝑆 ∗1.2

𝑬𝒒𝒏. 𝟏𝟑

The RT model accounts for interception, advection (e.g., Brownian diffusion), London-van der
Waals interactions, and sedimentation due to gravity. More detailed explanations for each of the
parameters in Equation 4 can be explained in Environmental Transport Processes by Bruce
Logan.74
Tufenkji and Elimelech (TE) model. ηTE, the biocolloid transport efficiency term
determined by the TE model, is given in Equation 5:
𝜂 𝑇𝐸 = 2.4𝑏𝐻1/3 𝑅∗ −0.081 𝑃𝑒 −0.715 𝑉𝑊 0.052 + 0.55𝑏𝐻 𝑅∗1.675 𝐴∗ 0.125 + 0.22𝑅∗ −0.24 𝑆 ∗1.11 𝑉𝑊 0.053 𝑬𝒒𝒏. 𝟏𝟒

The TE model adds onto the RT by including universal van der Waals attractive forces in addition
to hydrodynamic interactions. More detailed explanations for each of the parameters in Equation
5 can be explained in Environmental Transport Processes by Bruce Logan.74
Ma, Pedel, Fife, and Johnson (MPFJ) model. ηMPFJ, the biocolloid transport efficiency
term determined by the MPFJ model, is given in Equation 6:
𝜂𝑀𝑃𝐹𝐽 = 2.3𝑏𝐻 1/3 𝑅∗ −0.028 𝑃𝑒 −0.65 𝐴∗ 0.052 + 0.55𝑏𝐻 𝑅 ∗1.8 𝐴∗ 0.15 + 0.2𝑅∗ −0.047 𝑃𝑒 0.053 𝑆 ∗1.1 𝑉𝑊 0.053

𝑬𝒒𝒏. 𝟏𝟓

The MPFJ model further adds to the RT model by involving more intensive simulations of flow
and particle removal. More specifically, the MPFJ model simulates the collector as two touching
spheres rather than a single collector, accounting for added flow effects caused by neighboring
collector grains. More detailed explanations for each of the parameters in Equation 6 can be
explained in Environmental Transport Processes by Bruce Logan.74

28

4.2. Porosity and Grain Size
Figure 8A displays the porosity values obtained for the silica sand and glass beads. The
porosity of the glass beads (0.39) was most likely larger than the porosity of the silica sand (0.37)
because the glass beads are more spherical than the silica sand, which possesses more significant
grain shape irregularities. Irregularities present in silica sand provide more packing in the columns,
taking away pore space. Figure 8B shows the particle diameter size distribution for the ≤106 µm
glass beads. 62 µm was chosen to represent the average glass bead diameter size, as the obtained
d50 was 62 µm.

Figure 8. (A) Porosity of the silica sand (n=4 trials) and glass beads (n=8 trials). (B) Particle diameter
distribution for the ≤106 µm glass beads. The d50 value (62 µm) was used in the models as the average
glass bead collector diameter.

To determine what glass bead size (106 µm, 181 µm, or 256 µm – the three smallest
average sizes offered by Sigma Aldrich®) should be used in future modeling tests, a simple
simulation of predicted log-removal achieved by f-sand filters was run using the three models.
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Conditions used in these simulations assumed an α value of 0.1 or 1 and a filter length of 4 cm.
Results are shown in Figure 9.

Figure 9. Predicted log-removal by f-sand filters (α=0.1 or 1, filter length of 4 cm) using the RT, TE, and
MPFJ models. Smaller glass bead collector diameters led to significantly greater log-removal.

Model predictions indicated that smaller collector sizes lead to significantly greater logremoval. Therefore, in order to most differentiate the removal of f-sand from control sand (which
has an α ≤0.062),80 the ≤106 µm glass bead diameter size should be used. Collector bead sizes of
40 µm have been used in literature80 to calculate α values and should thus be used if available.

4.3. Experimental Data Vs. Models
As showcased in Figure 10, RT log-removal predictions using α=1 were calculated to be
just over 5 log-removal for the 7.5 cm long silica filter columns. The RT model was chosen for
comparison because the RT model is the most established model of the three; in fact, the TE and
MPFJ models were based off of the RT model. These RT predictions were nearly identical to the
actual experimental data obtained throughout the duration of the filter tests, suggesting the high
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accuracy of the RT model and the high (α~1) “stickiness” of the f-sand. This “stickiness” is due to
the high concentration of cations on the f-sand surface, which electrostatically attracts the anionic
microspheres once they come in contact.

Figure 10. RT log-removal predictions (assuming α=1) for the 7.5 cm silica columns at 10 mM NaCl
compared with experimental data.

However, when testing with the 62 µm glass beads at a length of 7.5 cm, α values of only
0.17 to 0.27 were achieved for f-sand among the models as shown by Figure 11. This lower α value
could perhaps be rooted in model sensitivities. The models are sensitive to collector diameter size,
which appears frequently in the denominator of the η calculations.74 Thus, the smaller 62 µm
collector diameter used relatively increased the η values (since collector diameter is overall
inversely proportional to η). As Equation 2 indicates, η is inversely proportional to α; thus,
increased η values decrease α values.
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Figure 11. Calculated α “stickiness” values of the control and f-sand filters based on experimental logremoval data. Tests were run using the ≤106 µm glass beads, a filter length of 7.5 cm, and a NaCl
concentration of 10 mM.

Figure 12 supports the hypotheses that RT predictions are accurate, f-sand α values are
truly closer to 1, and that models are sensitive to lower collector diameter sizes. In Figure 12,
experimental log-removal data was compared to RT log-removal predictions (assuming α=1) for
the 212-300 µm glass bead tests with varied filer length (1 or 3 cm) and solution ionic strength
(NaCl concentrations of 2 or 10 mM). At 10 mM NaCl conditions, experimental f-sand logremoval nearly matched RT predictions. However, the f-sand α value nearly cut in half when
switching to 2 mM NaCl solution. The mechanism behind the decrease in f-sand “stickiness” at
lower salt concentrations has not yet been elucidated and should be further explored with
additional tests.
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Figure 12. Experimental and RT-predicted (α=1) log-removal values using 212-300 µm diameter glass
beads. Filter lengths (1 or 3 cm) and salt concentrations (2 or 10 mM NaCl) were varied.
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Chapter 5
Experimental: Metal-Organic Nanofiltration Membranes
Experimental information regarding chemical syntheses, membrane modifications,
filtration tests, surface characterizations, and antibacterial tests are summarized in this chapter.
More detailed information is expanded upon and reported in the previously mentioned Journal of
Materials Chemistry A publication.1

5.1. Membrane Surface Functionalizations
Synthesis of copper nanoparticles (CuNPs) and polydopamine (PDA). Copper
nanoparticles (CuNPs) and polydopamine (PDA) were used as surface functionalization materials
due to their abilities to increase membrane water permeability, salt/dye fractionation selectivity,
and antimicrobial activity. Copper nanoparticles were coated with polyethylenimine (PEI) to
promote a high density of positive charges that could facilitate salt permeation through the
membranes, separating salts from rejected dyes. Copper nanoparticles were synthesized using PEI,
CuSO4, NaBH4, and H2O2 solution. PDA was developed using Tris buffer solution, dopamine
hydrochloride, and H2O2 using a rapid and uniform self-polymerization strategy54 to directly
functionalize the membrane materials.
Membranes used for comparison. Before all membrane surface functionalizations,
polyacrylonitrile UF sheet membranes (PAN, molecular weight cut-off of 75 kDa) were
hydrolyzed by NaOH for 20 hours to create hydrolyzed PAN (HPAN) membranes that increase
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the hydrophilicity of the membranes. These unfunctionalized membranes were tested along with
the functionalized membranes to be used for comparison purposes. Membranes coated with only
CuNPs (deposition time of 24 hours) or only PDA (deposition time of 0.5 or 6 hours) were
additionally prepared for the comparison of CuNP and PDA effects.
Two-step deposition of PDA and CuNPs. Figure 13 presents a schematic of the two-step
deposition and co-deposition membrane modification strategies of PDA and CuNPs. To fabricate
the two-step deposition membranes, the HPAN membranes were first coated with PDA for 0.5
hours followed by different times (6, 12, 18, and 24 hours) of CuNP coatings.

Figure 13. Diagram of HPAN surface modifications by the two-step deposition (PDA and then CuNPs)
and co-deposition (simultaneous PDA and CuNPs coating) strategies.

Co-deposition of PDA and CuNPs. To fabricate the co-deposition membranes, the PDA
and CuNP solutions were poured on top of the HPAN membranes in a membrane modification
holder device. The membranes were left at a static state to allow co-deposition functionalization
for different times (1.5, 3, 6, 12, and 24 hours). Different times were applied in both the two-step
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deposition and co-deposition strategies to determine the optimal surface functionalization
parameters for the novel membranes.
A list of functionalization parameters and assigned labels of the modified membranes used
in this study is provided in Table 3. Photograph images of the co-deposition membranes, two-step
deposition membranes, and membranes used for comparison are exhibited in Figure 14.

Assigned name

PDA deposition
time (hr)

CuNP deposition
time (hr)

Co-deposition
time (hr)

PDA-HPAN-1

0.5

-

-

PDA-HPAN-2

6

-

-

CuNP-HPAN

-

24

-

NF-1

0.33

24

-

NF-2

0.5

12

-

NF-3

0.5

18

-

NF-4

0.5

24

-

Co-NF-1

-

-

1.5

Co-NF-2

-

-

3

Co-NF-3

-

-

6

Co-NF-4

-

-

12

Co-NF-5

-

-

24

Table 3. Surface modification parameters corresponding to the assigned membranes. The two-step
deposition (NF) membranes were first modified with PDA, rinsed with DI water, and then coated with
CuNPs. The co-deposition membranes (Co-NF) were simultaneously functionalized by PDA and CuNPs.
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Figure 14. 1.25” by 1.25” photograph images of the two-step deposition membranes, membranes used for
comparison (pristine PAN, HPAN, PDA-only modified membranes, and CuNP-only modified
membranes), and co-deposition membranes studied in this report.

5.2. Chemical Separation Experiments
Filtration performance tests. Water flux, salt permeation, and dye retention were tested
with a lab-made cross-flow filtration set-up described in previous studies11 to evaluate the chemical
wastewater filtration performance by the membranes. Membrane samples with effective areas of
22.9 cm2 were pre-pressurized with DI water before measuring their water flux across 4 different
pressures from 1 to 8 bar. The average water flux values from these four pressures was reported.

37

The water flux (J), water permeability (WP), and retention (R, also referred to as rejection) values
were calculated via Equations 7-9:
𝐽=

𝑉
𝐴∆𝑡

𝑬𝒒𝒏. 𝟏𝟔

𝐽
∆𝑃

𝑬𝒒𝒏. 𝟏𝟕

𝑊𝑃 =
𝐽=

𝐶𝑓 − 𝐶𝑝
𝐶𝑓

𝑬𝒒𝒏. 𝟏𝟖

where V is the volume of the permeated solution (L), A is the membrane effective area (m2), Δt is
the permeation time (hr), ΔP is the applied pressure by the cross-flow apparatus (bar), and Cf and
Cp are the feed and permeate concentrations (g/L), respectively. All tests were run at 25 ± 1 °C.
Salt permeation tests. The goal of the modified membranes was to allow salt to permeate
through the membranes while rejecting dyes in order to allow the reuse of dyes while treating the
chemical wastewater from dyes. After water flux tests were conducted, the membrane samples
were subjected to salt permeation tests. Three different salts – MgCl2, NaCl, and Na2SO4 – were
tested at 1 g/L influent concentrations with a flow velocity of 30 L/hr. Conductivity measurements
were taken by a conductivity probe and converted to concentrations via the salt calibration standard
curves found in Appendix D. Tests were conducted at 2 bar for the PAN and HPAN membranes
and 8 bar for all other membranes.
Dye rejection tests. Table 4 describes the physical and chemical characteristics of the three
dyes – Direct red 23 (DR23), Congro Red (CR), and Reactive blue 2 (RB2) – tested in this study.
These dyes and previously described salts were chosen based on their ability to vary the charge
and molecular weight effects on water flux and salt/dye membrane selectivity. Initial influent
concentrations of 0.5 g/L were chosen, and a flow velocity of 20 L/hr was applied. UV-visible

38

absorbance measurements of the tested solutions were taken by a UV-Vis spectrophotometer, and
these measurements were converted to concentrations using the absorbance calibration standards
curves found in Appendix D. Tests were conducted at 2 bar for the PAN and HPAN membranes
and 8 bar for all other membranes.
MWa
(g mol-1)

Dye

Chemical structure

λb (nm)

Direct
red 23
(DR23)

813.7

507

Congo
red
(CR)

696.7

498

Reactive
blue 2
(RB2)

774.2

628

Direct
dye

Reactive
dye

Notes: a molecular weight, b maximum absorption wavelength.
Table 4. Molecular weight, chemical structure, and maximum absorption wavelength of the three dyes
(DR23, CR, RB2) used in the chemical filtration tests.

5.3. Membrane Surface Characterizations
Atomic force microscopy (AFM) measurements were performed to analyze the surface
roughness of the membranes. Root-mean-squared roughness (Rrms), average roughness (Ra), and
the maximum vertical distance between the highest and lowest points (Rm) on the membrane
surface were reported.

39

Water contact angle measurements were additionally obtained to investigate the
hydrophilicity of the membranes, as more hydrophilic membranes will allow higher water
permeability and thus higher volumes of water treated per time. Reported contact angles represent
the average measurements of five randomly selected sample locations.
Scanning electron microscopy (SEM) images, energy-dispersive X-ray spectroscopy
(EDS) mapping, and surface zeta potential measurements were additionally observed. However,
these surface characterizations will not be elaborated upon in this thesis.

5.4. Antimicrobial Activity Tests
Escherichia coli (E. coli, ~2 x106 colony-forming units (CFU) per mL) was chosen as a
model bacteria to test the antimicrobial activity of the membranes. Diluted bacterial suspensions
were obtained by the standard serial dilution method and were spread onto agar plates.
Antimicrobial tests were completed by keeping the E. coli solution in contact with the membranes
for 2 hours at 30 °C while shaking at ~200 rpm. The CFU count method was used by counting the
number of colonies on plates with 3 to 1000 CFU. Further details regarding the procedure for the
membrane antimicrobial activity tests can be found in Appendix E.
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Chapter 6
Results and Discussions: PDA/CuNP Membranes

6.1. Water Permeability
Water permeability achieved by the membranes indicates the amount of wastewater that
can be treated in a given time. Figure 15 presents the achieved DI water permeability by each of
the membranes tested in this study. The pristine, unfunctionalized UF PAN membrane attained a
high water permeability of 208.4 L m-2 hr-1 bar-1. After the PAN membranes were hydrolyzed to
create more hydrophilic HPAN membranes, the water permeability rose to 230.7 L m-2 hr-1 bar-1.
After 30 minutes of PDA deposition was carried out onto the HPAN membranes, the water
permeability reduced to 15.8 L m-2 hr-1 bar-1, indicating that a strong and effective PDA layer
covered the UF support via a rapid deposition. When the PDA deposition time was increased to 6
hours, the water permeability further reduced to 8.1 L m-2 hr-1 bar-1. These results suggest that
PDA surface functionalization is a time-dependent process with greater deposition times
developing denser, less permeable membranes. When the HPAN membranes were coated with
only CuNPs, the lowest water permeability of any membrane (5.6 L m-2 hr-1 bar-1) was obtained.
This low value is most likely attributed to the strong electrostatic attractive binding of the cationic
CuNPs to the anionic HPAN membrane surface pores.
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Figure 15. DI water permeability achieved by (A) membranes used for comparison and (B) two-step
deposition (NF) and co-deposition (Co-NF) membranes. LMH bar-1 denotes units of L m-2 hr-1 bar-1.
Reported values represent the average water permeability attained over four different pressures (1-4 bar
for PAN and HPAN; 2-8 bar for all other membranes).

Figure 15B shows the water permeability of the two-step deposition and co-deposition
membranes. Membranes functionalized via the co-deposition method achieved the highest water
permeability value: 25.5 L m-2 hr-1 bar-1 after 1.5 hours of PDA/CuNP co-deposition. However,
water permeability decreased as co-deposition time increased. With 24 hours of co-deposition, a
water permeability of only 11.1 L m-2 hr-1 bar-1 was reached. Meanwhile, the two-step deposition
coating method increased in water permeability from 16.7 to 18.6 L m-2 hr-1 bar-1 as the CuNP
deposition time increased from 12 to 24 hours after 30 minutes of PDA coating.
These water permeability trends by the two-step deposition and co-deposition membranes
can be explained by the interactions caused by the PDA and CuNP surface functionalizations. In
the two-step deposition membranes, the increased amount of bound CuNPs instigated by the higher
deposition times increased surface hydrophilicity and thus water permeability. On the other hand,
higher water permeability was achieved by the co-deposition strategy since CuNPs physically
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impede the dense coating layer formation originating from the self-polymerization of dopamine
into PDA. The hindrance of CuNPs results from the relatively poor compatibility among the
organic PDA and inorganic CuNPs. Moreover, this surface formation behavior inherent to the codeposition strategy leads to a loose and hydrophilic surface, facilitating a high water flux.
Contrarily, the loose surface formation was unable to form in the less permeable two-step
deposition membranes since the dense PDA layer was already established before CuNP loading.
Water permeability nonetheless decreased over time by the co-deposition membranes since a more
compact and thicker top layer developed as a result of increased PDA and CuNP amounts bound
to the membrane surface. Denser and more compact membrane top layers correspond to greater
hydraulic resistance and thus lower water permeability.
The water permeability results indicate that the most advantageous membrane surface
functionalization method is co-deposition at shorter modification times.

6.2. Dye/Salt Fractionation
Dye retention. Three types of dye solution – Direct red 23 (DR23), Congo red (CR), and
Reactive blue 2 (RB2) – were tested to investigate the NF separation performance of the
membranes. Figure 16 demonstrates the effect of different surface functionalizations and
deposition times on the permeation flux and retention (i.e., rejection) of dye solutions.
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Figure 16. Dye retention and permeation flux of (A and B) the pristine PAN membranes and membranes
modified with either PDA or CuNP coatings, (C) the membranes modified by the two-step deposition
method, and (D) the membranes modified by the co-deposition method. Temperature was maintained
throughout the filtration tests at 25 ± 1 °C. The influent dye (DR 23, CR, or RB2) concentrations were 0.5
g/L. Pressures applied were 2 bar for the PAN membranes and 8 bar for the other membranes.

The pristine PAN membrane (molecular weight cut-off of 75 kDa) surprisingly attained a
fairly high retention for CR and DR23 direct dyes with molecular weights ranging from 696.7 Da
(rejection of 97.5%) to 813.7 Da (rejection of 98.3%), respectively (Figure 16A). Previous studies
discovered that dye molecules are inclined to form aggregates and clusters due to hydrophobic
interactions involved in aggregation processes.81 Hamada et al. additionally found that the
hydrating water molecules surrounding the dyes contribute to this aggregation process.82
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Furthermore, dye molecules often demonstrate considerably low diffusivity. For instance, the
diffusivity of CR at 30 °C matched that of poly(ethylene glycol) (molecular weight > 2000 Da).83
Each of these studies reveal that dye aggregation is common in aqueous solutions, allowing PAN
to reject much of the direct dyes. The high retention of direct dyes largely depends on the increased
molecular size of dye clusters in aqueous solution, preventing the dyes from passing through the
membrane pores. In addition to size exclusion, the Donnan effect also plays a critical role in the
high rejection of negatively charged dyes.84 Nevertheless, the pristine PAN membrane achieved
relatively low reactive dye retention (52.9% for RB2).
After individual functionalization with either PDA or CuNPs, an increase in dye retention
was observed as displayed in Figure 16A. Increasing the PDA deposition time from 30 minutes to
6 hours further improved the retention of DR23 (99.4% to 99.7%), CR (99.2% to 99.5%), and RB2
(81.9% to 90.3%). These results reveal that PDA coatings substantially boost the separation
capabilities of composite membranes. However, the permeation flux concurrently reduced nearly
in half for the dye solutions as deposition time increased from 30 minutes to 6 hours as shown in
Figure 16B. Thus, 30 minutes for PDA functionalization in the two-step deposition method was
chosen. CuNP-functionalized HPAN (CuNP-HPAN) without PDA attained the lowest flux and a
relatively low rejection. This outcome is mainly ascribed to the less negatively charged surface of
the CuNP-HPAN membranes – preventing rejection of the anionic dye ions – as well as partially
defect voids. Such a low permeation flux hinders the practicality of PDA- or CuNP-only
membranes for dye desalination.
Figure 16C reports the dye retention and permeation flux of the two-step deposition
membranes. For membranes with 30 minutes of PDA coating, dye retention manifested an upward
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trend as CuNP coating increased from 12 to 24 hours. With the increased coating of positively
charged PEI-capped CuNPs, a more neutral surface charge formed along with a denser and more
compact surface structure to facilitate dye rejection. RB2 retention was enhanced to as high as
98.3% when CuNP coating was performed for 24 hours. Despite the functionality of high dye
retention, the two-step deposition process and 24 hours of CuNP coating required is ultimately still
a time-consuming preparation method that does not achieve ultra-high rejection (>99%) of the
three dyes.
The dye separation performance of the membranes functionalized via the co-deposition
method is showcased in Figure 16D. As previously mentioned, the top layer becomes more
compact, denser, and thicker with increasing co-deposition time. The higher dye rejection values
achieved by increased functionalization times is generally based on size exclusion by the denser
surfaces developed. This enhancement nonetheless comes at the cost of lowered water flux. While
the various membranes in this study consistently attained or nearly attained ultra-high retention of
direct dyes, the rejection and permeation flux for the reactive dye RB2 should particularly be
emphasized. Its retention increased from 98.5% to 99.8% when increasing the co-deposition time
from 1.5 to 24 hours, whereas the corresponding flux decreased from 120.3 to 75.4 LMH when
testing under 8 bar. A compromise among time, selectivity, and flux should be further considered
for potential applications of the modified NF membranes. Overall, high dye retention and
permeation flux allow the NF co-deposition composite membranes to be competitive for dye
wastewater treatment. In fact, the co-deposition membranes achieved the highest water flux by far
of any membrane yet in literature that also attained ultra-high dye retention.1
Salt permeation. Now that the functionalized NF membranes have been established as
capable for the ultra-high rejection of dyes, their salt permeation must be explored to see if the
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dyes can additionally be purified from salts in dye wastewater for dye reuse. Resource recovery
and reuse (e.g., dye purification and salt reuse) has emerged as an integral aspect of sustainable
textile wastewater treatment. Loose NF membranes must therefore not only be tailored to reject
dyes in order to treat dye chemical wastewater, but such membranes must also be able to gain high
salt permeability to purify the dyes for reuse.
Figure 17 highlights the salt (MgCl2, NaCl, Na2SO4) retention and permeation flux of the
functionalized membranes. Lower salt retention (e.g., higher salt permeation) corresponds to the
dye/salt fractionation ability of a membrane, as dyes are rejected and thus separated from the
permeated salts. The PDA coating introduced a fairly high Na2SO4 retention to the HPAN
membrane; the retention elevated from 68.8% to 79.8% as coating time increased from 30 minutes
to 6 hours. The order of decreasing salt retention (Na2SO4 > NaCl > MgCl2) identifies a negatively
charged membrane since the SO42- ions were most readily rejected while the Mg2+ ions most
readily permeated. These results corroborate the zeta potential measurements.1 Moreover, MgCl2
retention slightly increased for the 6 hour PDA deposition membrane compared to the 30 minute
PDA deposition membrane, emphasizing the formation of a dense and compact surface that
encourages higher salt rejection. The enhanced salt retention could essentially be explained by the
combination of steric and electrostatic repulsive effects. HPAN membranes functionalized with
only CuNPs performed a very low (<20%) salt retention for all salts. The defect voids existing on
the membrane surface most likely caused the membrane to be incompatible for salt rejection as
salts easily passed through the voids.
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Figure 17. Salt rejection and permeation flux of the functionalized membranes: (A) PDA- or CuNPmodified membranes used for comparison, (B) membranes modified via two-step deposition, and (C and
D) membranes modified via co-deposition. Temperature was maintained throughout the filtration tests at
25 ± 1 °C. The influent salt (MgCl2, NaCl, or Na2SO4) concentration used was 1.0 g/L.

As illustrated in Figure 17B, NF-1 (20 minutes PDA followed by 24 hours CuNP
deposition) obtained a low retention of Na2SO4 (18.5%) and NaCl (2.5%). The short PDA coating
time provokes difficulties in fully covering membrane gaps or attaching CuNPs without defect
voids on the membrane surface. On the basis of 30 minutes of PDA coating first, the Na2SO4
retention remarkably declined after introducing the CuNP layer. As confirmed by zeta potential
measurements,1 the membrane surface became less negatively charged after CuNP coating due to
the multitude of positive charges on the PEI-capped CuNP surface. The decreased salt retention
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achieved by this loose NF membrane primarily stemmed from less electrostatic repulsion existing
between the bivalent co-ion (SO42-) and the membrane surface. From NF-2 to NF-4, the Na2SO4
rejection slightly reduced with the increased binding of the positively charged CuNPs that diminish
the Donnan effect. Meanwhile, the improved solution permeability from NF-2 to NF-4 is primarily
attributed to the improved hydrophilicity of the modified surface.
Figures 17C and 17D exhibit the salt retention and solution flux of the membranes modified
by the co-deposition strategy. The 1.5 hour co-deposition membrane (Co-NF-1) achieved the
lowest overall salt rejection (0.7% MgCl2, 2.3% NaCl, and 18.3% Na2SO4) and highest
permeability (~20 LMH bar-1) among any of the functionalized membranes. The high salt
permeation mainly resulted from the combination of the loose surface structure formed, faint
anionic surface charge, and different hydrated ionic radii. The loose surface instigated by the
inorganic CuNPs considerably increased salt permeation, and the increased surface area stemming
from this morphology may additionally accelerate water permeability.
However, unlike the dye retention, both solution flux and salt permeation significantly
reduced with increasing co-deposition times. For instance, the permeability sharply declined from
19.8 to 7.1 LMH bar-1 for the Na2SO4 solution with co-deposition times raised from 1.5 to 24
hours. This observation is most likely due to the heightened membrane resistance induced by the
formation of denser and more compact top layer structures. With regard to both selectivity and
permeability, the results confirm that PDA/CuNP co-deposition is the superior surface
functionalization method compared to the two-step approach. Moreover, co-deposition is a facile,
time-saving, and cost-effective strategy for the design of loose NF membranes.
Figure 18 illustrates the mechanism of salt permeation through the membranes
functionalized by PDA only versus membranes modified by the co-deposition method. The water
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and salt transport properties through the composite membranes are influenced by the size,
morphology, and polymer interface compatibility and adhesion of the cationic CuNPs. The rather
dense structure and highly negative charge of the PDA coating screens extensive amounts of
anionic sulfate ions, significantly raising Na2SO4 rejection. The favorable hydrophilicity of PDA
encourages water transport as well. In comparison, after the CuNP solution is mixed with PDA
solution during co-deposition, the relatively poor compatibility between the two materials ensues
in some interface voids near the CuNPs. These voids construct a relatively loose PDA-based matrix
structure. The negative charge density of PDA can also largely be neutralized by the CuNPs capped
with a multitude of positively charged PEI molecules, thereby promoting hydrated ion transport
rather than ion rejection. Hence, sulfate ions are inclined to pass through the cationic membrane
channel as portrayed in Figure 18B. Similarly, the higher hydrophilicity of the co-deposition
membranes compared to PDA functionalization alone promotes water permeability further.

Figure 18. Schematic depicting the salt permeation mechanism through (A) membranes functionalized
with only PDA and (B) membranes functionalized via the co-deposition method.
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6.3. Characterizations of Surface Properties
Atomic force microscopy (AFM). As evinced by the AFM surface roughness values
provided in Table 5, PDA (Ra = 4.50 nm; Rrms = 5.91 nm) or CuNP (Ra = 4.06 nm; Rrms = 5.08 nm)
layers hardly alter the PAN surface roughness or uniformity (Ra = 4.38 nm; Rrms = 5.52 nm). This
characteristic signifies that both functionalizations create smooth, homogeneous membrane
surfaces. The small increase in the Rrms value in the two-step deposition membranes (Rrms = 8.60
nm) demonstrates a low CuNP loading onto the PDA layer. With greater amounts of CuNPs
adhered to the membrane surface, surface roughness values should rise. CuNP binding to the
membrane surface was also confirmed and imaged by SEM and EDS mapping.1

Membrane

Ra (nm)

Rrms (nm)

Rm (nm)

PAN

4.38

5.52

52.3

PDA-HPAN-1

4.50

5.91

53.7

CuNP-HPAN

4.06

5.08

34.7

NF-2

6.77

8.60

64.5

NF-4

4.18

5.45

40.1

Co-NF-1

8.77

12.0

87.7

Co-NF-4

6.51

9.17

72.4

Co-NF-5

3.77

4.84

34.3

Table 5. Atomic force microscopy (AFM) surface roughness measurements of the pristine and
functionalized membranes: Ra (average roughness), Rrms (root mean square roughness), and Rm
(maximum vertical difference between the highest and lowest points).
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In comparison, a rougher morphology (Rrms = 12.0 nm) comprising copious CuNPs on the
membrane surface was obtained when functionalized by the co-deposition strategy. Consistent
with the SEM images and EDS mapping,1 the superiority of the co-deposition method in sturdily
binding CuNPs was revealed once again.
However, the amount of attached CuNPs experiences a downward trend in quantity (i.e.,
surface roughness decreases) as co-deposition time increases. This condition is associated with the
compatibility and interfacial force among PEI-modified CuNPs, PDA, and the hydrolyzed
membrane surface. Initially – as suggested by this inversely proportional trend – the positively
charged CuNPs primarily bind onto the negatively charged HPAN surface before PDA can form
a stable top layer. PDA can also form a strong interfacial linkage between CuNPs and the
membrane surface to fill UF gaps. Nevertheless, PDA can adhere to CuNP surfaces, form a partial
coverage of the CuNPs that raise surface roughness values, and impair its cationic surface charge.
Such a coverage of the cationic CuNPs on the membrane surface was corroborated by the zeta
potential measurements.1 As the co-deposition time further progresses, CuNPs are inevitably
overlapped by the PDA coatings, simultaneously making the membrane surface dense and
compact. In summary, surface binding of PDA and CuNPs does not noticeably change the surface
roughness of unfunctionalized membranes other than by the mechanism of CuNP deposition, and
the co-deposition method provides the greatest amount of CuNPs to be found to the membrane
surface. Thus, the co-deposition method once again rises as the most advantageous method for
surface functionalization of NF membranes for chemical wastewater treatment.
Water contact angles. Water contact angles signify membrane surface hydrophilicity and
water permeability capabilities. Lower contact angles correlate with higher hydrophilicity as the

52

introduced water droplet is encouraged to permeate through and spread across the membrane
surface, maximizing surface interactions between the water and membrane.
As reported in previous literature findings, PDA and CuNP coatings each separately
contribute to an enhancement of surface hydrophilicity.66, 85-86 However, combined PDA/CuNP
coatings have not yet been studied. Figure 19 reveals the dynamic water contact angles of PDAand CuNP-functionalized HPAN membranes. The initial contact angle sharply decreases from
56.9° to 47.6° when HPAN is functionalized by PDA for merely 30 minutes. This result deviates
slightly from a previous initial water contact angle of a polypropylene microporous membrane also
modified with 30 minutes of PDA deposition. The lower value (~30°) reported by the previous
study was derived from the larger support membrane pore size used (compared to the PAN UF
support used in this study), which promoted the permeation of partial droplets and thus a lower
contact angle.54 A distinct water contact angle decline from 47.6° to 32.2° was experienced in this
thesis report after two minutes of dynamic water contact angle measurements by the PDA-HPAN1 samples. Similar dramatic downtrends also arose in other samples. The spreading of water
droplets on the relatively compact membrane surfaces played a considerable role in this contact
angle declining trend more than water permeation even did. Compared to the PDA layer, the CuNP
coating bestowed HPAN even higher wettability, yielding an initial water contact angle of 35.5°.
The favorable combination of the imino groups from the PEI capping with the hydrophilic CuNPs
led to this high membrane hydrophilicity.
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Figure 19. Dynamic water contact angles of (A) pristine and PDA- or CuNP-modified HPAN membranes
and (B) two-step deposition membranes. (C) Initial static water contact angles of the co-deposition
membranes as a function of time. Images of the water droplets on the membrane surface accompany the
water contact angle measurements after the water droplet was placed on the membrane sample for 0.5
seconds.

Figure 19B displays the dynamic water contact angles experienced by the two-step
deposition membranes. After CuNP loading onto the PDA-modified membranes, each sample
demonstrated sharper decline trends over time compared to the decline trends attained by the
membranes functionalized with either PDA or CuNPs only. The initial water contact angle by the
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two-step deposition membranes also reduced from 35.3° to 30.0° as CuNP coating time increased
from 12 to 24 hours. Evidently, stronger wettability can be acquired when membranes are
functinoalized with both PDA and CuNPs rather just one or the other.
The initial static water contact angles of membranes functionalized with various codeposition times are showcased in Figure 19C. The water contact angles remarkably decreased
linearly (R2 = 0.98) with increasing co-deposition times (37.4° for 1.5 co-deposition hours to 18.5°
for 24 co-deposition hours). The plausible explanation to this phenomenon is accredited to the
smoother morphologies developed with increasing co-deposition times, stimulating the higher
membrane surface hydrophilicity. In summary, the co-deposition procedure can confer favorable
hydrophilicity to pristine membranes, outperforming the traditional two-step deposition methods
or functionalization methods by only PDA or CuNPs.

6.4. Antimicrobial Tests
Antimicrobial activity is a particularly advantageous membrane trait for water treatment
for two primary reasons. First, similar to the f-sand filter discussed in Chapters 1-4, antimicrobial
activity inactivates harmful pathogens present in contaminated water. Second, membrane
antimicrobial activity prevents biofouling. Biofouling worsens the water permeability, selectivity,
lifetime, and overall performance and efficiency of membranes.
Figure 20 qualitatively exhibits the strong antimicrobial activities of the functionalized
membranes. In Figure 20, plates cultured with E. coli at the same serial dilution are presented.
Whereas dozens of cell colonies grew on the control (without membrane) and PAN membrane-
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treated samples, only a handful cultivated on the samples treated with different PDA/CuNP codeposition times.

Figure 20. A qualitative analysis of the antimicrobial activity by the following membranes through the
plate CFU counting method using E. coli: (a) control sample without any membrane presence, (b) pristine
PAN, (c) HPAN coated with PDA for 0.5 hours, (d) 1.5 hours of co-deposition functionalization, (e) 24
hours of co-deposition functionalization, and (f) 6 hours of co-deposition functionalization.

To quantitatively examine the bactericidal ability of the membranes, the viable cell
counting technique was applied in this study via plating with serial dilutions. The PDA-HPAN-1
membrane prepared by the fast 30 minute PDA deposition executed a high biocidal ability against
E. coli. The antimicrobial trait of PDA may be attributed to the release of copper ions from the
PDA layer. Relative to the control sample, the functionalized membranes achieved a reduction of
92.0%, 88.6%, and 93.7% of E. coli when 1.5, 6, and 24 hours of the co-deposition
functionalization method were carried out, respectively. The distinct reductions in E. coli colonies
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demonstrate the excellent antimicrobial properties of the modified membranes, suggesting their
abilities to prevent biofouling and inactivate waterborne pathogens.

Figure 21. A quantitative analysis of the antimicrobial activity of the pristine PAN, PDA-modified, and
co-deposition-modified membranes against E. coli. 4 cm2 membrane pieces were shaken with the E. coli
suspension solution for 2 hours at 30 °C before measuring bacterial viability rates via the CFU plate
counting method.

Though CuNPs demonstrate considerable toxicity to bacteria, viruses, and fungi, a
challenge still remains in elucidating accurate antibacterial mechanisms. The biocidal activity is,
however, known to be based on the mode of contact-killing. As reviewed by Hajipour et al., several
factors that influence the toxicity of CuNPs include the concentration of nanoparticles and bacteria,
temperature, aeration, and pH.87 These factors can affect CuNP agglomeration, which could, in
turn, lessen available contact area with bacteria. Furthermore, some studies point to the production
of reactive oxygen species produced by CuNPs and copper ions, which severely damage the cell,
DNA, and mitochondria of bacteria. The depletion of copper ions is additionally thought to play
an important role in bacteria damage.88 While CuNPs act as biocidal agents, PDA also exhibits
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antimicrobial behaviors due to the presence of copper ions that accompanies the synthesis of PDA.
The combination of PDA and CuNPs in the novel two-step deposition and co-deposition
membrane surface functionalization methods thus takes advantage of the antimicrobial properties
of both materials.
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Chapter 7
Conclusions and Future Work

7.1. F-Sand Filters
The f-sand water filtration method has thus far proven to improve existing Moringa oleifera
water treatment methods – most notably the bulk test treatment. More specifically, the f-sand filter
drastically prevents the release of fouling organic matter into the treated water8 while improving
the bulk test treatment by nearly 3 log-removal better based on lab-scale filters. By consistently
attaining over 5 log-removal of surrogate pathogens (model microspheres), the f-sand filter
surpassed EPA pathogen removal standards (4 log-removal). The f-sand filter additionally marks
a vast improvement as a water filter over traditional uncoated sand filters. The control sand filters
only achieved up to 2 log-removal and lasted in effectiveness at least 10 times shorter than f-sand
filters did. Since the f-sand filter is only made up of simple, natural materials (i.e., sand and seeds)
that can readily be found in developing global regions, the f-sand filter represents a feasible and
inexpensive water purification point-of-use device for developing communities to use and even
construct themselves.
While the experiments performed in this study used laboratory equipment such as an
electronic rotator, pumps, and plastic, all of the parts of the methodology can easily be followed
sustainably in developing communities with or without access to this equipment. Instead of using
an electronic rotator to create the f-sand, both the MOCP serum and f-sand mixture can be mixed
by anyone by simply shaking the mixtures. Furthermore, flow rates do not have to be carefully
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controlled outside of the lab; thus, pumps are not needed to flow the water through the columns
when gravity is at assistance. Moreover, the plastic used to construct the tested filter columns can
most likely be replaced with bamboo among various other natural materials, making the f-sand
filter truly sustainable, natural, and feasible.
Since the potentials of the f-sand filters in removing waterborne contaminants have been
demonstrated here, the next step requires appropriate scale-up of the filters through the use of the
correct mathematical transport models. The RT model has shown to predict the pathogen removals
of the f-sand filters precisely. However, model modifications can be made to scale up the filters
even more accurately. The differences in experimental data with predicted data among varied ionic
strength conditions suggest that modifications should be made to account for electrostatic forces
such as through the Debye length of the electrostatic double layer of the f-sand. Modifications to
include electrostatic attractive forces, which no clean-bed filtration model has yet done, can allow
biocolloid transport through porous filter media to be even more accurately predicted. These model
improvements are currently an area of research focus within our research team.
Furthermore, multiple research steps still need to be taken to prove whether the f-sand filter
can eliminate more practical waterborne contaminants in water such as live bacteria and viruses.
Therefore, one of the next steps in this research involve obtaining data on the removal of these
pathogens and to see if the filters inactivate these pathogens as well. Confocal fluorescence
microscopy can detect whether pathogens have been inactivated by the f-sand, while the discussed
fluorescence flow cytometry methods may be able to enumerate bacteria and virus concentrations
present in treated solutions. While the f-sand filter is a new idea requiring further exploration and
research, it has so far proven to hold vast potentials in a water purification method that can be
accessible to much of the hundreds of millions of people lacking clean water today.
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7.2. Functionalized Nanofiltration Membranes
Loose NF membranes functionalized by the rapid deposition of PDA and CuNPs yielded
remarkable water permeability, dye retention, salt permeation, and antimicrobial activity.
Favorable surface properties, such as high hydrophilicity and low roughness, were also verified by
a series of characterizations including water contact angle and AFM. Two preparation techniques
were proposed: two-step deposition that follows more traditional surface functionalization
protocols and co-deposition of PDA and CuNPs. In both cases, PDA deposited rapidly and
uniformly onto a UF support, bridging surface cavities into a loose NF membrane structure and
subsequently binding cationic PEI-capped CuNPs firmly.
The most optimal functionalization parameters for the fractionation of dye/salt mixtures
(allowing the reuse of dyes and salts along with the purification of chemical wastewater) were
identified as 3 hours of PDA and CuNP co-deposition. This quick co-deposition time achieves
ultra-high dye retention (>99% for all three dyes tested) coupled with high salt and water
permeation. Moreover, the relatively inexpensive cost of copper as a biocidal agent allows copper
nanoparticles to be used as a practical anti-biofouling nanomaterial. Overall, the ultra-high dye
retention and salt permeability achieved establishes the membranes in this study as competitive
and practical solutions for textile wastewater treatment among other potential NF applications
(e.g., the food industry or oil-water separations). Perhaps more importantly, this fast, facile codeposition strategy offers possibilities in the firm binding of other functional nanoparticles (i.e.,
Ag, ZnO, and graphene oxide) with enhanced antimicrobial properties onto the membrane surface.
Performances by the membranes reported in this thesis have been extensively compared to
other state-of-the-art NF membranes for textile wastewater treatment within the Journal of
Materials Chemistry A publication previously described.1

61

7.3. Reflection on Sustainable Technology
Oftentimes in engineering fields, coursework is so focused on technical design work that
engineering students fail to consider the (perhaps even more significant) societal challenges of
implementing technology. I wanted to conclude this thesis by offering my opinions on what areas
of the global water crisis I consider the f-sand filters and nanofiltration membranes to be able to
most help solve. I will also highlight a few design considerations that must be taken before either
water purification technology should be used in society.
The f-sand filter is particularly targeted toward assisting developing regions, where
villagers oftentimes do not have access to improved water resources. Since the materials that
constitute the f-sand filter are often locally available, cheap, and have other benefits that
individuals could take advantage of (e.g., Moringa oleifera leaves for ultra-nutritious food
consumption), f-sand filters can particularly provide relief in current times where many global
regions are still emerging. Notably, the procedure for making f-sand filters was intentionally
developed in a way that limits maintenance issues, does not require much of an educated technical
background in order to construct the filters, and can be easily disposed after point-of-use.
F-sand filters could also potentially fill a unique niche in improving sand filters currently
in existence. For instance, since sand filters are required for keeping swimming pool water clean,
f-sand could perhaps offer improved technical capabilities over traditional sand filter uses.
Before implementing f-sand filters into society, several key design issues should first be
addressed:
•

Sand used to make up the filter media should consist of uniform sizes. Smaller sand grains
would otherwise clog the pores among larger sand grains, diminishing water flow through
the filter and thus reducing the volume of water that can be treated over time. A simple,
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practical solution to obtaining similarly sized sand could be to use a system of sieving
screens to separate sand grains by sizes.
•

F-sand filters may be best suited for point-of-use treatment rather than having one filter be
shared across an entire region. Having f-sand filters be domestically owned could increase
the ease of monitoring the f-sand filter (e.g., knowing when the f-sand should be replaced).
Household ownership is even more practical considering the potential ease and
accessibility of owning an f-sand filter.

•

As mobile technology has become more prevalent throughout the world (including
developing regions), a phone or computer app accompanying the f-sand filter may be useful
for maintenance reasons. Once modeling work has been further established in scaling the
f-sand filter, the app could, for example, help provide families information regarding when
f-sand should be replaced based on the daily water use of the family.
The NF membranes discussed in this thesis particularly offer solutions to industrial

separations. Regarding water treatment, the efficient membranes demonstrated high potential in
purifying chemical wastewater while recovering chemicals to be reused rather than discarded as
environmentally harmful waste. Other environmental applications of the membranes relating to
water treatment could include oil/water separations, such as in the occurrence of oil spills in water,
due to the high hydrophilicity of the functionalized membranes. In general, the findings reported
here on the functionalized NF membranes offer guidance for future innovations between metalorganic interfaces. Metal-organic frameworks (MOFs) are one group of an example of such
innovations that have recently emerged as a leading research topic for environmental applications
along with water treatment. In fact, the two ACS Applied Materials & Interfaces publications I co-
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authored studied metal-organic frameworks for efficient water desalination and wastewater
treatment.
Several design issues nonetheless must also be considered before the implementation of
the functionalized NF membranes in society. Some examples are:
•

Stability tests should be conducted on the NF membranes in varied chemical environments,
especially since the membranes are particularly useful for chemical wastewater treatment.
Examples of such environments include low or high pH solutions.

•

The NF membranes must not release considerable amounts of copper into the treated water
solution, as CuNPs have been linked to deleterious health effects. Initial tests regarding the
leakage of CuNPs into solution have, however, so far found the nanoparticles to be firmly
bound to the membrane surface.
A problem as grand as the global water crisis requires innovative solutions approached

from every technical angle. The field of electrochemistry for water desalination provides one
example in which water purification could be made possible using non-traditional methods.
Regardless, the f-sand filter offers one sustainable water purification solution that could be
implemented into developing societies today, whereas the NF membranes discussed in this report
are perhaps more tailored toward industrial processes and wastewater present in already developed
global regions.
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Appendix A
Detailed Step-by-Step Protocol for F-Sand Mini Column Tests
Adam Uliana

03/25/2017

1.) Use the peristaltic pump system to connect the pumps to the filter columns using flow rates
of ~0.75 mL/min.
a. Make sure that all pumps and columns are placed at the same heights.
b. Do not connect the tubing to the columns until all air is purged out of the tubing.
c. Rinse the tubing with the pre-rinse salt solution (2 mM or 10 mM NaCl without the
suspended pathogen particles) until solution has passed through the tubing at least once.
2.) Rinse the columns with 10-15 pore volumes of the pre-rinse salt solution.
a. Make sure that the filter does not run dry at any point of the testing.
3.) Run 10 pore volumes of the pathogenic testing solution through the filters.
a. If working with fluorescent particles, make sure that the solution is encased in
aluminum foil. Reduce light exposure to the testing apparatus in general.
b. Columns should not reach saturation with these conditions (assuming an initial
concentration of ≤106 particles/mL is used) until a few thousand pore volumes
according to saturation models, so clean bed filtration can be assumed.
4.) Collect effluent solutions after roughly 10 mL of the solution runs through the filter.
a. ~10 mL of solution will be present in a given column assuming that the same column
dimensions as in this thesis are used. Therefore, the treated pathogenic solution will not
truly come out of column until ~10 mL (of what is the salt solution previously run
through the columns) has run through.
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b. Collect 3 groups of effluent solution to ensure consistency: at times when 2-4 pore
volumes, 5-7 pore volumes, and 8-10 pore volumes of pathogenic solution runs
through.
c. Make sure at least 0.5-1.0 mL of solution is collected. Using the current data analysis
software, the FlowSight requires at least 0.5 mL of solution in order to be accurately
analyzed.
5.) Rinse the columns with 10 pore volumes of the pre-rinse salt solution.
a. Collect the salt effluent solution to account for pathogens that would have come off of
the column.
6.) Analyze effluent solutions using flow cytometry (See Appendix B).
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Appendix B
Flow Cytometry Protocols
Adam Uliana

3/25/2016

Running Flow Cytometry Tests
1.) To appropriately turn on, set-up, and calibrate the Amnis FlowSight, contact a lab assistant at
the Penn State Huck Institutes of the Life Sciences Microscopy and Cytometry Facility.
a. Otherwise, obtain special training by the Facility to learn how to independently set
up the FlowSight.
b. Make sure to complete flow cytometry and laser safety training before conducting
any flow cytometry experiments. Contact the Facility to receive such training.
2.) Make sure flow cytometry solutions are sufficiently full before starting tests. Contact a lab
assistant at the Facility to double-check if needed.
a. If the waste bucket is more than halfway full, pour it down the sink before starting.
3.) Once the FlowSight is set-up, launch the FlowSight application located on the Amnis
FlowSight computer desktop.
4.) If working with the yellow-green fluorescent particles, set up the following FlowSight
parameters on the FlowSight application:
a. 5 mW intensity for the 405 and 408 nm channels
b. Fluidics: Medium speed
c. Finish tests when collecting 10,000 data points
5.) Vortex the microtube effluent solutions before loading into the FlowSight.
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6.) Once loaded, wait 10-15 seconds (or once particles begin to appear on the FlowSight
application screen) for the effluent solution to pass through the flow cytometer and click on
“Acquire.”
a. Data will automatically stop being collected after 10,000 data points are collected.
If the solution is too dilute and 10,000 data points cannot be obtained in practical
durations, stop the test after the sample has run through the FlowSight for 6
minutes.
7.) To stop passing the sample through the FlowSight, and to end the trial, click on “Return.”
a. Data files should automatically be saved on the computer, but check to make sure
they are before proceeding to the rest of the trials.
8.) Clean the FlowSight tubing with 70% EtOH solution for 1 minute after every 5 trials.
9.) Once all of the samples have been counted by the FlowSight, follow the system shutdown
procedures provided by the Facility to correctly shut the Amnis FlowSight off.

Analyzing FlowSight Data: IDEAS Analysis Software
1.) To analyze the FlowSight data and convert data into a .csv file, open the IDEAS analysis
software on the computer desktop.
2.) Click on “Batch Data Files” under the “Tools” tab.
3.) Click “Add Batch,” and then select the .rif raw data files from the FlowSight readings where
the screen reads “Add Files.”
4.) Click “Select a template” and choose “Bead Counting Template 8.26.15_6.0,” which can be
found in the main “Velegol Lab” folder.
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a. I previously set this template file up with a Facility lab assistant to provide the
proper fluorescence gating, etc. that properly differentiates the 0.97 µm yellowfluorescent microspheres apart from other particulate contamination based on
fluorescence and light scattering properties. If other particles are being used,
contact a lab assistant for help in setting up a new analysis template.
5.) The Batch Name can be changed for convenience, but otherwise click “OK.”
6.) Click on the “Reports” tab and choose “Generate Statistics Report.”
7.) Select the “Bead Counting Template 8.26.15_6.0” under the template option.
8.) Give the generated report a proper title name, as this report will be converted into a .txt
compiled information file. A title name can be described under “Report title.”
9.) Under “Add Files” add all of the just batched .daf files. Click “OK.”
10.) .txt files should be generated and available in the same folder as the previously generated
.daf batched files.
a. The chosen template should ultimately present microsphere concentrations and
counts into a text file. Volumes analyzed can furthermore be calculated based on
these two pieces of information.
11.) Upload the files onto Google Drive.
a. As per instructions by the Facility, do not use a flash drive to transfer data.
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Appendix C
Additional F-Sand Removal Data

Silica Sand Media, 3x105 Microspheres/mL Influent

Figure 22. Log-removal of 2.9 µm sulfate microspheres by 250 µm silica sand. The influent
concentration was set at 10 mM NaCl and 3x105 microspheres per mL. EPA requirements of 4 logremoval of waterborne pathogens are also indicated on the graphs.

Figure 22 represents the data of the first-ever tests investigating the model pathogen
removal capabilities of the f-sand filter at conditions similar to actual wastewater pathogen
concentrations. When treating a 3x105 microsphere (2.9 µm diameter) per mL solution, the f-sand
filters initially removed practically all of the particles in the first three samples, reaching the lower
limit of the hemocytometer detection method by attaining close to 5.5 log-removal. The f-sand
filters consistently reached around 2.5 to 4.5 log-removal better than the regular sand filters
throughout this test. The f-sand filters also consistently surpassed EPA standards of 4 log-removal
in this test up to at least 650 pore volumes, while the regular sand filters were about 2 to 4 log
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removals below EPA standards throughout the entire test. The regular sand filter appeared to reach
breakthrough at nearly 400 pore volumes. The f-sand filters both appeared to begin approaching
breakthrough at just under 800 pore volumes, 2 times longer than the breakthrough point of the
regular sand.

Silica Sand Media, 1x107 Microspheres/mL Influent (First Trial)

Figure 23. Log-removal of 2.9 µm sulfate microspheres by 250 µm silica sand. The influent
concentration was set at 10 mM NaCl and 1x107 microspheres per mL. EPA requirements of 4 logremoval of waterborne pathogens are also indicated on the graphs.

Figure 23 displays the results from the first column tests run at influent concentrations of
10 mM NaCl and 1x107 microspheres per mL. F-sand initially achieved about 5.5 log-removal of
the 2.9 µm microspheres, whereas the regular control sand experienced breakthrough before the
first samples was collected. Follow-up experiments were showcased in Figure 4.
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Appendix D
Standard Curves for Salt and Dye Concentrations

Conductivity Standard Curves for Salts
To determine the salt concentrations in solutions based on conductivity measurements,
conductivity standard curves were created for the three salts used in the membrane studies (MgCl2,
Na2SO4, NaCl). To create these curves, conductivity measurements were taken at 9 different
known salt concentrations within the range of concentrations used in this study (0.0-1.0 g/L). A
linear fit trendline was applied to each of these measurements, and the equation of best linear fit
was used to convert conductivity measurements to salt concentrations. Results for the salt
conductivity standard curves are shown in Figure 24
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Figure 24. Salt conductivity standard curves to convert measured conductivities to (A) MgCl2, (B)
Na2SO4, and (C) NaCl concentrations.

Absorbance Standard Curves for Dyes
A UV-Vis spectrophotometer was employed to determine dye concentrations in solution.
To determine the dye concentrations in solutions based on UV-Vis absorbance measurements,
absorbance standard curves (Figure 25) were created for the three dyes used in the membrane
studies (DR23, CR, RB2). The same method as the salt conductivity standard curve was applied
for the absorbance standard curves other than using UV-Vis absorbance measurements instead of
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salt conductivity measurements. Dye concentrations between 0.0-100 mg/L were used to develop
the standard curves. In the actual dye filtration tests, concentrations above 100 mg/L were diluted
before absorbance measurements in order to stay within accurate measurement limits by the UVVis device.
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Figure 25. Dye absorbance standard curves to convert measured UV-Vis absorbance measurements to
(A) DR23, (B) RB2, and (C) CR concentrations. Maximum absorption wavelengths corresponding to
each dye are 507 nm, 628 nm, and 498 nm, respectively.
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Appendix E
Procedure for Membrane Antimicrobial Tests
Adam Uliana

03/29/2017

Preparation of Culture Solution
The ingredients of the solutions needed for the antimicrobial tests are given in Table 6 for three
different solution volumes (200 mL, 500 mL, and 1000 mL).
Volume

1000 mL

500 mL

200 mL

Beef extract

3g

1.5 g

0.6 g

Peptone

10 g

5g

2g

NaCl

5g

2.5 g

1g

Agar (solid)

15-20 g

7.5-10 g

3-4 g

Table 6. Composition of lysogeny broth (LB) culture solution for three different solution volumes (200
mL, 500 mL, 1000 mL). Normal saline solution was also prepared by dissolving 0.85 g in 100 mL of DI
water.

Preparation of LB Culture and Bacterial Suspension
1.) The culture dish, saline solution, pipette tips, cotton swabs, and culture medium were first
sterilized under high pressure and temperature (121 °C) for half of an hour.
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2.) The agar was poured and evenly spread onto plates (15-20 mL).
3.) E. coli bacteria were grown overnight in the LB broth at 37 °C to a mid-log phase while shaking
(140-190 rpm).
4.) 1 mL of the bacteria grown overnight was diluted in 24 mL of fresh LB broth and grown for 2
to 3 hours until reaching exponential phase, which was verified by measuring the optical
density at 600 nm.
5.) The bacterial cells were diluted to 107 colony-forming units (CFU) per mL in sterile saline
solution to be used for the antimicrobial membrane tests.

Antimicrobial Membrane Tests
1.) 10 mL of saline solution and 0.1 mL of bacteria suspension solution were combined into each
test tube (0, 1, 2, ..., N), where 0 is the control sample for comparison. Membrane samples (2
× 2 cm2) were placed into the tubes.
2.) All test tubes were incubated at 37 °C for 2 hours.
3.) To execute the serial dilution method, 0.5 mL bacteria solution were taken from test tube 0 and
added to a second test tube containing 4.5 mL saline solution. 0.5 mL bacteria solution were
then taken from the second test tube and added to a third test tube containing 4.5 mL saline
solution. 0.5 mL bacteria solution were next taken from the third test tube and added to a fourth
test tube containing 4.5 mL saline solution. Finally, 0.1 mL of the E. coli solutions in each test
tube were spread onto an agar plate and incubated at 37 °C for 12 hours.
4.) CFU counts were conducted by counting the number of colonies formed on the agar plates.
Plates with counts between 3 to 100 CFU were used and reported.

77

5.) Steps 3-4 were repeated for the rest of the samples (test tubes 1 to N).
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